Various theoretical calculations based on QCD or hadronic interactions predict that in addition to the recently observed dibaryon resonance d * (2380) with I(J P ) = 0(3 + ) there should also exist a dibaryon resonance with mirrored quantum numbers I(J P ) = 3(0 + ). We report here on a search for such a NN-decoupled state in data on the pp → ppπ
Introduction
Recently, exclusive and kinematically complete measurements of the reactions pn → dπ 0 π 0 and pn → dπ + π − revealed a narrow resonance-like structure in the total cross section [1, 2, 3] at a mass m ≈ 2380 MeV with a width of Γ ≈ 70 MeV and quantum numbers I(J P ) = 0(3 + ). Additional evidence for it had been traced subsequently in the two-pion production reactions pn → ppπ 0 π − [4] , pn → pnπ 0 π 0 [5] and pn → pnπ + π − [6, 7, 8] . Finally, analyzing power measurements of np elastic scattering established this structure to represent a true s-channel resonance, which produces a pole in the 3 D 3 partial wave -denoted since then by d * (2380) [9, 10, 11, 12] . Such a dibaryon resonance, which asymptotically resembles a deeply bound ∆∆ system, was predicted first -and astonishingly precise as it turns out now -by Dyson and Xuong [13] in 1964 based on S U(6) symmetry breaking. Later-on, Goldman et al. [14] called this state the "inevitable dibaryon" pointing out that due to its particular quantum numbers and its associated special symmetries, such a state must be predicted in any theoretical model based on confinement and one-gluon exchange. Indeed, there are now quite a number of QCD-based model calculations available, which find d * (2380) at about the correct mass [15, 16, 17, 18, 19, 20, 21, 22] . Also, relativistic Faddeev-type calculations based on hadronic interactions find this state at the observed mass [23, 24] . The observed relatively narrow width of about 70 MeV is obviously more difficult to understand theoretically. Until recently, Gal and Garcilazo came closest with about 100 MeV [24] . Dong et al. [18] succeeded in reproducing the experimental width by accounting for hidden color effects -as had been speculated already in Ref. [25] .
Part of the theoretical calculations, which successfully obtain the d * (2380) state, predicts also a dibaryon state with mirrored quantum numbers I(J P ) = 3(0 + ) at a similar mass [13, 15, 16, 24] . In tendency, this state, which is expected to be again a ∆∆ configuration asymptotically, appears to be somewhat less bound than d * (2380), but still below the ∆∆ threshold of 2m ∆ . The predicted width varies from about 90 MeV [24] to about 180 MeV [15] . Only the calculation of the Nijmegen group [22] predicts this state to be far above the ∆∆ threshold.
Experiment
In order to investigate this issue experimentally, we follow the suggestion of Dyson and Xuong (who called the state in question the D 30 , where the first index denotes the isospin and the second one the spin) and consider the four-pion production in proton-proton collisions, in particular the pp → ppπ + π + π − π − reaction. Because of its isospin I = 3 such a state is isospin-decoupled from the nucleon-nucleon (NN) system. Therefore, in order to be able to reach such a state by NN collisions, its production in the collision process needs to be associated by the generation of particles, which take away two units of isospin. This appears to be accomplished most easily The measurements of this reaction have been carried out with the WASA detector including a hydrogen pellet target [26, 27] at the cooler synchrotron COSY (Forschungszentrum Jülich) using proton beams with energies of T p = 2.063 and 2.541 GeV. These correspond to center-of-mass energies of √ s = 2.72 and 2.88 GeV, respectively. The latter denotes the highest energy used with WASA at COSY.
The trigger was set to two (and more) charged hits both in the forward and in the central detector. Since the main goals of these runs, which comprise 3 weeks of beam-time, was not the four-pion production, but ω and η ′ production, also a missing mass trigger was active during the measurements at 2.541 GeV. It required the deposited energy of each of the two protons detected in the forward detector to be larger than 150 MeV -a condition, which did not affect the four-pion production events.
The four-momenta of the two emitted protons were detected in the Forward Detector, whereas the four-momenta of the four charged pions were recorded in the Central Detector, where a magnetic field allowed for charge identification and momentum determination. That way, the reaction was measured kinematically complete with four overconstraints, which allowed a corresponding kinematic fit of the events. Finally, a total of 136 (1017) events at T p = 2.063 (2.541) GeV passed the χ 2 criterion of the kinematic fit, which is a cut of the probability function at 10%. Despite the kinematic fit condition, Monte Carlo (MC) simulations suggest that the final sample at T p = 2.063 GeV is contaminated with about 50 events originating from three-pion production, where the photons from π 0 decay have undergone conversion or Dalitz decay. The distribution of those events is not noticeably different from the other events. The acceptance of the WASA detector for ppπ + π + π − π − events has been determined by MC simulations to be about 15% with an uncertainty of less than 1%. The detection efficiency for ppπ + π + π − π − events has been 0.1 % at T p = 2.063 GeV and 0.5% at T p = 2.541 GeV, also evaluated via comprehensive MC simulations of the detector performance.
The absolute normalization of the four-pion production data has been done via the simultaneous measurement of the threepion production (π + π − π 0 with π 0 decay into two photons) including η and ω production in this channel. The spectra of the three-pion invariant mass M π + π 0 π − at T p = 2.063 GeV and T p = 2.541 GeV are shown in Fig. 1 . Since the cross section for three-pion production is two orders of magnitude larger than that for four-pion production, it was sufficient to use only a small sample of the available three-pion production data for this procedure.
At T p = 2.063 GeV, the data for the three-pion production (including η and ω production) have been normalized to the value of 220 µb obtained in Refs. [28, 29] for this reaction at T p = 2 GeV. As a result, the fitted contributions from η and ω production (dotted and dashed lines in Fig. 1 ) correspond to production cross sections of 111 ± 20 µb and 5.6 ± 1.0 µb, respectively. The first value agrees reasonably well with the value of 142 ± 22 µb obtained at T p = 2.2 GeV by the HADES collaboration [30] . The second value is in good agreement with the value of 5.7 µb obtained in Ref. [31] .
At T p = 2.541 GeV, where ω production provides already a substantial contribution to three-pion production, the data have been normalized to this process using for the ω production cross section the value 35 µb interpolated from the values given in Refs. [32, 33] .
As a result of this normalization procedure, we obtain total four-pion cross sections of 0.7 ± 0.3 and 5.2 ± 1.0 µb at T p = 2.063 and 2.541 GeV, respectively, which are two orders of magnitude smaller than the three-pion production cross sections at these energies.
The quoted uncertainties originate predominantly from systematic uncertainties in the determination of background beneath the η and ω peaks, the determination of the WASA acceptance and efficiency and the extrapolation of cross sections to full phase space, which has been done by MC simulations assuming phase-space or model distributions -see next section.
Due to the small statistics for the four-pion production reaction, all systematical effects had to be evaluated by Monte Carlo simulations only. However, some of these systematic effects, like influence of missing-mass trigger could be cross-checked with the pp → ppπ + π 0 π − reaction due to much higher statistics, same multiplicity (π 0 decays into two photons, hence there are also six particles detected in the final state) and very similar kinematics. Therefore systematical errors related to triggering, errors parameterization, kinematical fitting, etc. were evaluated based on large samples of three pion production data.
The widths of about 30 MeV for the η and ω lines in the three-pion spectrum give a measure of the mass resolution achieved in this data analysis.
Results and Discussion
The energy dependence of the total cross section for the Fig. 2 , where our results are compared to earlier published data [34, 35, 36, 37, 38] obtained a higher energies. The solid line represents the energy dependence of pure phase space. It accounts at least qualitatively for the trend of the data.
Having measured the four-pion production kinematically complete, we are able to construct all kinds of differential distributions. Of relevance in the search for the I = 3 dibaryon D 30 are the spectra of the ppππ-invariant masses M ppπ + π + , M ppπ − π − and M ppπ + π − . For the latter the statistics quadruples due to combinatorics. These spectra are displayed in Fig. 3 for both incident energies. They are shown within WASA acceptance, i.e. not acceptance corrected, in order to avoid any model dependence introduced by the corresponding correction procedure.
The spectra in Fig. 3 show very smooth mass distributions and do not exhibit any unusual structures. However, they deviate systematically from pure six-body phase-space distributions, which are shown ( again within WASA acceptance) by the shaded histograms in Fig. 3 . This is not surprising, since already single-and two-pion productions are known to be dominated by baryon excitations starting right from threshold [39, 40, 41, 42, 43, 44, 45] . The lowest-lying baryon resonance, which decays by emission of two pions, is the Roper resonance N * (1440) with its twopion decay routes N * → Nσ → Nππ and N * → ∆π → Nππ. It is known to dominate the two-pion production for energies T p < 1 GeV -before the ∆∆ excitation by t-channel meson exchange starts to dominate at energies above 1 GeV. Since the latter configuration can produce only two pions in its decay, the only resonance process eligible for four-pion production is the double N * (1440) excitation, i.e. the N * (1440)N * (1440) excitation by t-channel meson exchange between the colliding incident nucleons. Also, the nominal mass of 2m N * (1440) for this configuration fits very well to the center-of-mass energies of the measurements discussed here. A model calculation based on an extended version of the modified Valencia model [44, 42] reproduces the the measured total cross sections within 30%.
The solid lines in Fig. 3 show a calculation of the N * (1440)N * (1440) process adjusted in height to the data. For [34, 35, 36, 37, 38] . The drawn line gives the energy dependence of pure phase space normalized to the data point at T p = 2.541 GeV. the lower energy, √ s = 2.72 GeV, this calculation gives already a practically perfect description of all three invariant-mass spectra within uncertainties.
For the higher energy this description is not quite as good, since it misses strength at low ppπ + π + and high ppπ − π − invariant masses. The situation could possibly be improved, if we would fit a contribution from the next higher-lying N * excitation (providing a N * (1520)N * (1440) configuration in the intermediate state) to the data. But we refrain here from a fine tuning of the background description due to the the much increased complexity of the theoretical description, which necessarily introduces new uncertainties. We just note that the behavior of the shapes given by the solid lines is characteristic for a dominance of the ∆ ++ ∆ ++ excitation insofar as the M ppπ + π + spectrum is narrower than the pure phase-space spectrum and peaking around 2m ∆ , whereas the M ppπ − π − spectrum exhibiting dominantly the reflection of the ∆ ++ ∆ ++ excitation peaks at substantial lower mass.
Next, we investigate, how a I = 3 resonance would show up in these spectra. From isospin coupling arguments, we deduce the relative cross sections, with which such a resonance should show up in the various invariant-mass spectra, namely:
I.e., such a resonance contributes practically only to the spectrum with the highest charge in a direct way. However, since the three invariant-mass spectra are interrelated, reflections of such a resonance also appear in the M ppπ + π − and M ppπ − π − spectraas illustrated in Fig. 4 , where MC generated events are plotted in the plane M ppπ − π − versus M ppπ + π + . It displays the results of a simulation of an I = 3 resonance with m = 2380 MeV and Γ = 70 MeV. The simulated resonance is shown in Fig. 3 by the dashed curves scaled in height corresponding to a 5% contribution of the resonance to the total cross section. Whereas in the M ppπ + π − spectrum the reflection causes a broad phase-space like continuum, it produces a peak-like structure in the M ppπ − π − distribution, though somewhat broader than the original peak in the M ppπ + π + spectrum and located in the complementary region of the kinematical mass range.
Knowing now the kinematic behavior of such an I = 3 resonance, we further inspect the data shown in Fig. 3 . We observe no obvious narrow structures, which fulfill the kinematical conditions for a possible I = 3 resonance. However, we immediately also notice that a contribution of a dibaryon resonance as illustrated by the dashed lines in Fig. 3 would certainly give an improved description of the data. Though this is certainly a model-dependent statement, it demonstrates the difficulty of excluding a dibaryon resonance contribution of smaller than 5% of the total cross section -in particular for dibaryon masses smaller than 2380 MeV. In an ideal case the peak to be searched for is expected to sit upon a flat or smoothly rising or falling background with a curvature, which is small compared to the peak width. This is far from being the case here. On theoretical grounds we can not expect the dibaryon resonance to have a width much smaller than 50 MeV, more likely is a width in the region of 100 MeV or even above, if this resonance happens to be close to the ∆∆ threshold. The background due to conventional processes is not flat or smoothly rising / falling in the range of interest as we see from the distributions displayed in Fig. 3 . Moreover shape and strength of the background can not be calculated sufficiently reliable within contemporary theoretical approaches. Though the width of these distributions is still broader than the dibaryon signal we look for, it is not broader by an order of magnitude. We are not aware of any model-independent peak search analysis for such a case. Hence we will proceed by assuming two scenarios, where the background is accounted for either by phase space-like processes (meaning processes, which give identical contributions in all M NNππ spectra, e.g. chiral terms, various contact terms, etc...) or by the N * (1440)N * (1440) process displayed in Fig. 3 . The N * (1440)N * (1440) scenario represents a theoretically-motivated background description, though possibly oversimplified as discussed above.
As usual in such peak searches, we assume interferences to be small and add the resonance term incoherently to the background term. Under these assumptions the shapes of both resonance and background can be considered to be known (also within WASA acceptance). Then for given mass and width of the resonance only the relative contributions of resonance and background enter the simultaneous fit of all three invariant mass spectra. The upper limits (95% C.L.) resulting from these single-parameter fits are displayed in Fig. 5 in dependence of a hypothetical dibaryon mass M dibaryon for assumed resonance widths of 50 MeV (solid lines), 100 MeV (dotted) and 150 MeV (dashed).
In order to investigate the case, where the background is assumed to be distributed phase-space like, we consider the following difference spectra constructed out of the three invariantmass spectra: σ ppπ + π + −σ ppπ − π − , σ ppπ + π + −σ ppπ + π − and σ ppπ − π − − σ ppπ + π − , since they have the advantage that there the contributions from phase-space like distributions cancel. Note that any possible contaminations from misreconstructed background, like three-pion production with subsequent π 0 Dalitz decay, cancels out in the difference spectra as well.
In these difference spectra, which are plotted in Fig. 6 for both beam energies, double baryon excitations due to t-channel meson exchange produce an antisymmetric pattern (see solid lines in Fig. 6 ), whereas an I = 3 resonance in the ppπ + π + subsystem should show up in general by an asymmetric pattern formed by its direct peak and its reflection -as indicated by the dashed curves in Fig. 6 . Since we know the expected signature of such a resonance in the difference spectra, we can perform again single-parameter peak finding fits simultaneously to all three difference spectra per beam energy and thus obtain upper limits for such a resonance in dependence of its mass and width. The results for the 95% C.L. upper limits of this peak finding search are displayed in Fig. 7 .
Both in Fig. 5 and in Fig. 7 the 95% C.L. upper limits are plotted in percentage of the total cross section. The extrapolation of our results obtained within the WASA acceptance to total cross sections introduces systematic uncertainties, as discussed in the experimental section. They amount to 40% for the lower energy and 20% for the higher energy.
For both scenarios -N * (1440)N * (1440) and phase-space like background -we obtain qualitatively similar results. Due to the much superior statistics at the higher energy, the resulting upper limits are much more stringent there. As expected, the data are most sensitive to the signature of a narrow resonance. Also, for large dibaryon masses the upper limits are in general substantially lower than for small masses. The largest upper limit happens in the N * (1440)N * (1440) background scenario for a dibaryon mass of about 2380 MeV and a width of 100 MeV, where the upper limit reaches 40% of the total cross section.
Compared to the formation cross section of 1.7 mb found for d * (2380) [46] , the upper limits found here for the production of an I = 3 dibaryon resonance are smaller by three to four orders of magnitude.
More informative should be the comparison to formation / production of a ∆∆ system by conventional t-channel meson exchange. In two-pion production (isoscalar part) the peak cross section for d * (2380) formation is roughly one order of magnitude larger than the one for the conventional ∆∆ process [2] at the d * (2380) peak energy. If we assume that the four-pion production at the beam energies considered here is dominated by N * (1440)N * (1440) formation as shown in Fig. 3 , then we know also the cross section for conventional ∆ ++ ∆ ++ production via the route pp → N * (1440)N * (1440) → ∆ ++ ∆ ++ π − π − . The calculations shown in Fig. 3 contain the two-pion decay routes of the Roper resonance N * (1440) → Nσ → Nππ and N * (1440) → ∆π → Nππ with the branching ratio obtained in Refs. [44, 47, 48] . From these calculations we find that at √ s = 2.72 GeV about 6% of the total cross section are due to conventional ∆ ++ ∆ ++ production. For √ s = 2.88 GeV the corresponding number is 32%. Whereas for the lower incident energy the upper limits obtained for D 30 production are in general larger than the cross section for conventional ∆ ++ ∆ ++ production, the upper limits obtained at the higher incident energy are in general significantly smaller -with the exception of the case M dibaryon ≈ 2380 MeV and Γ = 100 MeV for the N * (1440)N * (1440) scenario, where the upper limit is of the same order as the conventional ∆ ++ ∆ ++ production. The results for the higher incident energy appear to be quite significant. If the interaction between the two ∆ ++ particles produced side-by-side in the decay of the intermediate N * (1440)N * (1440) system would be attractive, then the probability to form a dibaryon should be substantially larger than for the conventional process -as it is obviously the case for d * (2380) formation in the presence of an isoscalar ∆ + ∆ 0 system. However, our results suggest that the probability for dibaryon formation in the presence of a ∆ ++ ∆ ++ system in the intermediate state is smaller (with the possible exception of the above mentioned case). This is in support of the findings of Ref. [14] , which predicted an attractive interaction between the 
Summary and Conclusions
We have searched for a I = 3 dibaryon resonance, which has been predicted by Dyson and Xuong as well as by various QCD-based and hadronic model calculations to decay into the NNππ system. The mass range of our search covers the region from 2.2 -2.5 GeV, i.e. from near-to two-pion threshold to the nominal ∆∆ threshold of 2m ∆ and above. To our knowledge this has been the first such search -with the exception of some earlier attempt by use of proton-nucleus collisions [49] .
We have found no apparent indication for such a resonance in our data. The deduced upper cross section limits for the production of such a resonance are three to four orders of magnitude smaller than the formation cross section of 1.7 mb found for d * (2380). They also are up to one order of magnitude smaller than the cross section for conventional ∆ ++ ∆ ++ production in the pp → ppπ + π + π − π − reaction -again in sharp contrast to the corresponding situation for d * (2380) formation, where this is an order of magnitude larger than in conventional ∆∆ formation.
An improved, reliable background description by conventional t-channel meson exchange processes would certainly have the potential to lower these upper limits considerably.
With only upper limits at present we, of course, cannot exclude the existence of such a resonance. However, if existent, either the production process of the I = 3 resonance associated with the emission of two pions has an unusually small cross section or such a resonance has a mass above the energy region investigated here -as predicted, e.g. in Ref. [22] . However, in such a case, when the resonance lies significantly above the ∆∆ threshold, its width is expected to be very broad due to its fallpart decay and hence it will be very hard to distinguish such a resonance from conventional processes.
